Adenosine deaminases that act on RNA are a conserved family of enzymes that catalyze a natural process of site-directed mutagenesis. Biochemically, they convert adenosine to inosine, a nucleotide that is read as guanosine during translation; thus when editing occurs in mRNAs, codons can be recoded and the changes can alter protein function. By removing the endogenous targeting domains from human adenosine deaminase that acts on RNA 2 and replacing them with an antisense RNA oligonucleotide, we have engineered a recombinant enzyme that can be directed to edit anywhere along the RNA registry. Here we demonstrate that this enzyme can efficiently and selectively edit a single adenosine. As proof of principle in vitro, we correct a premature termination codon in mRNAs encoding the cystic fibrosis transmembrane conductance regulator anion channel. In Xenopus oocytes, we show that a genetically encoded version of our editase can correct cystic fibrosis transmembrane conductance regulator mRNA, restore fulllength protein, and reestablish functional chloride currents across the plasma membrane. Finally, in a human cell line, we show that a genetically encoded version of our editase and guide RNA can correct a nonfunctional version of enhanced green fluorescent protein, which contains a premature termination codon. This technology should spearhead powerful approaches to correcting a wide variety of genetic mutations and fine-tuning protein function through targeted nucleotide deamination.
Adenosine deaminases that act on RNA are a conserved family of enzymes that catalyze a natural process of site-directed mutagenesis. Biochemically, they convert adenosine to inosine, a nucleotide that is read as guanosine during translation; thus when editing occurs in mRNAs, codons can be recoded and the changes can alter protein function. By removing the endogenous targeting domains from human adenosine deaminase that acts on RNA 2 and replacing them with an antisense RNA oligonucleotide, we have engineered a recombinant enzyme that can be directed to edit anywhere along the RNA registry. Here we demonstrate that this enzyme can efficiently and selectively edit a single adenosine. As proof of principle in vitro, we correct a premature termination codon in mRNAs encoding the cystic fibrosis transmembrane conductance regulator anion channel. In Xenopus oocytes, we show that a genetically encoded version of our editase can correct cystic fibrosis transmembrane conductance regulator mRNA, restore fulllength protein, and reestablish functional chloride currents across the plasma membrane. Finally, in a human cell line, we show that a genetically encoded version of our editase and guide RNA can correct a nonfunctional version of enhanced green fluorescent protein, which contains a premature termination codon. This technology should spearhead powerful approaches to correcting a wide variety of genetic mutations and fine-tuning protein function through targeted nucleotide deamination. R NA editing by adenosine deamination is an epigenetic process used by all metazoans to precisely change genetic information. Catalyzed by the adenosine deaminases that act on RNA (ADAR) family of enzymes, adenosines are converted to inosine in a wide variety of RNAs (1) (2) (3) (4) (5) (6) . When editing occurs in coding regions of mRNAs, inosine is read as guanosine (7) , often causing codons to change in a process that resembles a natural system for site-directed mutagenesis. As expected from a mechanism that can recode almost half of all codons, the effects of RNA editing on protein function are diverse (8) . The beststudied examples come from mRNAs encoding elements of the machinery for excitability in the nervous system, where editing changes ion selectivity of ionotropic glutamate receptors, G-protein coupling of metabotropic serotonin receptors, inactivation of a voltage-dependent K + channel, and the transport rate of a Na + /K + ATPase, among other things (9) (10) (11) (12) . Because of its versatility, the ability to control RNA editing could prove useful for medicine and basic research. For example, mutations that cause premature termination codons (UAA, UGA, UAG) could be recoded to tryptophan (UGG). Perhaps more importantly, protein function itself could be tuned. The key to realizing this potential lies in the ability to manipulate ADAR's targeting.
ADARs are modular enzymes, containing distinct domains that perform different functions (13) . At their C terminus, they contain a deaminase domain that catalyzes the hydrolytic deamination of adenosine to inosine. At their N terminus lie a variable number of double-stranded RNA-binding motifs (dsRBMs), highly conserved structures that bind both perfect and imperfect RNA duplexes. To edit a specific adenosine, ADAR's dsRBMs bind surrounding structures, often formed between intronic and exonic sequences in pre-mRNAs. The structures can be complex, composed of imperfect stems, bulges, and loops, and may require primary sequences separated by kilobases (14, 15) . This necessity for intricate cisacting elements renders ADAR's endogenous targeting mechanism difficult to manipulate. We reasoned that an antisense RNA oligonucleotide would provide a more flexible targeting domain because it could be designed to bind any primary sequence. Thus, our strategy was to replace ADAR's dsRBMs with an antisense RNA oligonucleotide to guide the catalytic activity to any specific address along an RNA.
At the outset, our strategy raised several questions. First, would the isolated deaminase domain retain significant catalytic activity? An earlier study demonstrated that it was able to edit at a low level, consistent with the idea that it retained its ability to deaminate but lacked the means to efficiently bind a substrate (16) . Another issue was whether a deaminase domain that lacked dsRBMs would still require double-stranded RNA. Finally, the most pressing question was how to connect an RNA oligonucleotide to the deaminase domain. The nature of this coupling was a critical consideration for the overall utility of site-directed RNA editing. Although chemical reactions could be used to link the two elements, most had the disadvantage of requiring a reaction in vitro. This would hamper future strategies for delivery, necessitating the transport of a large riboprotein complex across cell membranes. Furthermore, the cargo could not be further amplified by the cellular machinery. A better strategy would be to deliver the catalytic domain and the guide RNA as separate, genetically encoded elements that could link once expressed in the cell. In this report we show that, when fused to a small Significance RNA editing by adenosine deamination is a natural process of site-directed mutagenesis used by organisms to modify genetic information as it passes through RNA. In this paper we present an engineered RNA editing enzyme that can be induced to edit any adenosine that is chosen. We show that our system can efficiently correct a premature stop codon in the cystic fibrosis transmembrane conductance regulator in frog oocytes. Furthermore, a fully genetically encoded version of the system functions in human cells. As a general method, site-directed RNA editing could be a useful technique for correcting genetic mutations and modifying protein function.
λ-phage RNA-binding protein, ADAR's deaminase domain can be coupled to an antisense RNA oligonucleotide inside a cell and that the complex can guide site-specific mRNA editing and correct premature termination.
Results
Engineering a Site-Directed RNA Editase. Our overall strategy for generating a site-directed editase was to link human ADAR2's deaminase domain to an antisense guide oligonucleotide through an interaction that could be genetically encoded. With this in mind, we looked for an RNA-binding protein that recognizes a specific RNA sequence. The RNA-binding protein would be linked to ADAR's deaminase domain, and the sequence that the protein recognizes would be linked to an antisense RNA guide oligonucleotide. A useful binding interaction would require two key features: First, the interacting partners should be small so that they do not interfere with the function of the deaminase domain or the guide. Second, they should bind with a high affinity to drive the editing process in the complex cellular environment. The λ-phage N protein-boxB RNA interaction, which normally regulates antitermination during transcription of λ-phage mRNAs, fits these criteria (17) . The λN peptide, which mediates the binding of the N protein, is only 22 amino acids long, and the boxB RNA hairpin that it recognizes is only 17 nucleotides long and they can bind with nanomolar affinity (18) . To generate a recombinant editase, the λN peptide was fused to the deaminase domain of human ADAR2 (λN-DD), and recombinant protein was purified from the yeast Pichia pastoris as previously described (19, 20) . Filter binding assays between λN-DD and a 32 P-labeled boxB RNA oligonucleotide demonstrated that the λN peptide retained a high affinity for boxB when coupled to ADAR's deaminase domain (17 ± 2.5 nM, n = 5; Fig. S1 ). The first questions that we posed were whether the deaminase domain is active on its own, and, if so, can it be guided to a specific region of an RNA by an antisense RNA oligonucleotide coupled via the λN-boxB interaction?
Site-Directed RNA Editase Is Active and Can Be Guided by an Antisense RNA. To test λN-DD's activity, and whether the λN-DD:boxB interaction is required for editing, we took advantage of a recombinant RNA that contained four boxB hairpins (21) ( Fig. 1A ; note that this is the only experiment where boxB was inserted into the target RNA; in all other experiments, it is inserted into the guide oligonucleotide). For this experiment, we designed an antisense oligonucleotide complementary to sequence adjacent to two of the four boxB hairpins. 4boxB RNA and the guide oligonucleotide were incubated in vitro with λN-DD. 4boxB RNA was then converted to cDNA, amplified by PCR, and directly sequenced. Fig. 1B shows an example of three adenosines that were efficiently converted to inosine, whereas the no-enzyme control showed no evidence of conversion. In total, five adenosines were edited at efficiencies ranging from 50 to 100% (Fig. 1C ). Within the 344 nt analyzed for editing in our RT-PCR product, no other adenosines were edited. All conversions were in sequence complementary to the antisense oligonucleotide, suggesting that double-stranded RNA is required for the deaminase domain to edit. Control experiments showed that almost all editing at four of the five sites could be blocked by an excess of free boxB hairpin RNA. However, an excess of free boxB hairpin RNA that contained two mutations known to disrupt its binding to the λN peptide did not block editing (22, 23) . At position 2, editing was greatly reduced, but not completely abolished, by an excess of boxB hairpin. This adenosine may already exist within a structure that can promote editing, albeit poorly. At all five positions, an excess of λN peptide blocked editing completely. These results showed that the λN-boxB interaction is required for editing, and we conclude that robust editing can be driven in a cis-strand by λN-DD.
Results thus far supported the idea that boxB could tether editing to a specific region. Next, we asked if it could couple λN-DD to an antisense oligonucleotide to enable editing in trans. To test this possibility, we targeted an mRNA encoding a potassium channel (SqKv1.2; Fig. S2A ). As a guide, we used an RNA that contained a boxB hairpin at its center flanked by 59 nucleotides of sequence complementary to SqKv1.2 on either side. When this RNA guide was mixed with SqKv1.2 mRNA and λN-DD in vitro, we saw extensive editing in SqKv1.2 mRNA. In total, 24 of the 35 adenosines within the double-stranded region defined by the guide were edited, although to greatly different extents. As before, control reactions verified that editing required doublestranded RNA and was dependent on the λN-DD-boxB interaction ( Fig. S2B ).
Our overall goal was to design guides that could drive both efficient and specific editing. However, the guide used to edit SqKv1.2 mRNA was long and seeded editing at a large number of sites. Despite this, several striking features of these data indicated that more specific guides might be possible. First, certain adenosines were edited at very high efficiencies and others were not. Notably, there was a cluster of efficiently edited adenosines at 19-21 nucleotides on the 3′ side of boxB and another at 11 nucleotides on the 5′ side. Second, adenosines close to boxB on the 3′ side were not edited at all, and those on the 5′ side were edited inefficiently. Based on these data, we hypothesized that shorter guides with the target adenosine at specific distances from boxB could promote more specific editing.
Site-Directed Editase Can Specifically Correct a Premature Termination
Codon in Vitro. Our next goal was to see if we could use our system to specifically target a disease-promoting genetic mutation, both in vitro and in living cells. Ideally, we wanted to select a mutation in a protein that creates a large physiological signal so that a successful correction would be easy to identify. Mutations in ion channels were obvious candidates. We selected the W496X mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) for several reasons (24) . As with many other mutations in CFTR, W496X leads to terminal cystic fibrosis, the most common genetic disease in whites. CFTR itself is an anion channel that is expressed in a variety of epithelial cells, including those within the lung. When activated by ATP and cAMP, a single CFTR channel creates a conductance of ∼7-10 pS (25) . Because codon 496 is located only a third of the way through the ORF, a premature termination would create a nonfunctional protein.
Our aim was to develop guide RNA oligonucleotides that would specifically target only adenosine 1487 (which causes W496X) without generating unwanted mutations at other adenosines. These guides would first be tested in vitro and then extended in cellula.
We first generated two guides based on positional considerations gleaned from SqKv1.2 ( Fig. 2A ). The first, called guide oligonucleotide A, positioned the mutant adenosine 11 nucleotides to the 5′ of boxB (note that 5′ and 3′ refer to the target mRNA, not the guides). The second, called guide oligonucleotide B, positioned the mutant adenosine 20 nucleotides to the 3′ side. When combined with λN-DD and CFTR W496X RNA in vitro, both guides could drive correction of the mutant adenosine at ∼100% efficiency. However, with each there was also nonspecific editing. With both, adenosine 1492 was also edited efficiently (M498V). Also, with guide oligonucleotide A, there was a small amount of editing at adenosine 1478 (Q493R). To make the guides more specific, oligonucleotide B was used as a model because it promoted only one off-target site. To eliminate editing at this site (M498V), we used two approaches ( Fig.  2B ). In the first, we made a new version of guide oligonucleotide B that had a mismatched cytosine adjacent to adenosine 1492. With this guide, unwanted editing at M498V was reduced from 93 to 14% without compromising editing efficiency at W496X. In addition, we made guide oligonucleotide C, which was similar to guide oligonucleotide B, but extended only four nucleotides past the target adenosine in W496X, stopping short of M498V. Thus, W496X would be in double-stranded RNA and M498V would not. With this guide, unwanted editing at M498V was completely abolished. These data show that nonspecific editing can be controlled by introducing select mismatches under the unwanted editing site or by not extending the guide oligonucleotide to include it.
For the purpose of W496X, guide oligonucleotide C was the most efficient. With concentrations of λN-DD greater than 50 nM, editing was near complete (Fig. 2C ). In our reaction, the target CFTR RNA was present at a concentration of 2 nM and the guide oligonucleotide was present at 20 nM; with an equal concentration of λN-DD and target, editing was ∼20%. Halfmaximum editing occurred with a λN-DD concentration of 11 nM, which represents a molar ratio of 5.5:10:1 (λN-DD:guide oligonucleotide C:target mRNA). It should be noted that with very high concentrations of λN-DD (75 and 150 nM), off-target editing, at efficiencies from ∼15-50%, could be induced at a cluster of nine adenosines downstream of the guide oligonucleotide. No off-target editing was observed at lower concentrations. No other off-target editing was seen within the 693 RT-PCR product that was sequenced for this assay. These data indicate that, for the W496X mutation, specific and efficient editing can be driven in vitro by guide oligonucleotide C.
Genetically Encoded Site-Directed Editase Can Restore CFTR Function in Xenopus Oocytes. To examine whether λN-DD was effective in cellula as well, we turned to Xenopus oocytes. Previous work has demonstrated that CFTR expresses robust heterologous currents in oocytes (26) . An additional advantage with oocytes is that delivery is not a complicating issue because they can be directly injected with RNA. Our strategy was to inject RNA encoding λN-DD, let it express for 3 d, and then inject the same oocytes with CFTR W496X RNA and guide oligonucleotide C (Fig. 3A ). After 3 more days oocytes were tested for CFTR expression. To be thorough, we wanted to assess correction of CFTR W496X mRNA, expression of full-length CFTR protein, and restoration of functional CFTR ionic currents. As a first step, we examined whether CFTR W496X RNA was corrected. Re-extraction of mRNA followed by RT-PCR and direct sequencing showed a corrected G peak at the mutant adenosine ( Fig. 3B ). On average, slightly more than 20% of the RNA was corrected. Importantly, no off-target editing was observed. Controls that lacked guide oligonucleotide C, λN-DD, or both showed no evidence of editing. Western blots from similar experiments also showed corrected CFTR (Fig. 3C ). When probed with an anti-CFTR antibody that recognizes a C-terminal epitope (beyond W496X), wild-type CFTR-injected oocytes show the characteristic multiple CFTR protein bands (27) . The lowest band at 127 kDa represents the unglycosylated form. The more intense upper bands represent the core glycosylated form (131 kDa) and the fully glycosylated form (160 kDa) (28) . In the experimental lane, a portion of CFTR W496X was corrected, as the glycosylated forms are clearly evident. Again, controls that lacked the oligo, λN-DD, or both showed no correction. Thus, on both the level of RNA and protein, W496X was corrected by our strategy.
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where E max is the maximum editing percentage, E min is the minimum editing percentage, X 0 is the concentration required for 50% editing, and p is a generic exponential factor. n = 4 ± SEM.
As a final indication of correction, we tested whether functional CFTR-mediated currents had been restored ( Fig. 4 ). CFTR channels require ATP and cAMP to open. In oocytes, resting ATP levels are sufficient (29, 30) ; however, cAMP levels need to increase, and experimentally this can be accomplished by adding extracellular forskolin to stimulate adenylyl cylase activity. Fig. 4B shows an example of a "chart" record of membrane currents from a complete experiment recorded on a slow-time base. In this case, the oocyte was injected with wild-type CFTR, but the same approach was used for all recordings. Oocytes were held at −40 mV. At this voltage with our external solution, chloride ions will leave the cell through open CFTR channels, creating an apparent inward current. At various times during the procedure, we stepped the voltage from −80 to +40 mV in 20-mV increments (I-V) and recorded the resulting currents. These I-Vs are seen as rapid vertical deflections, and the two that we used for analysis have been labeled (1, 2) . After two I-Vs, external forskolin was added, causing an inward current to develop. In Fig. 4C we show I-Vs before and after forskolin, recorded on a rapid-time base. Here, with wild-type CFTR, robust currents of greater than 10 μA are activated. When the same experiment was performed on oocytes injected with CFTR W496X, no currents were activated. However, when oocytes were injected with λN-DD and guide oligonucleotide C, forskolin activated large currents. Fig. 4D shows the average forskolin-activated conductance for experimental versus control oocytes. Data from oocytes prepared from two different frogs are presented. In both cases, enough CFTR W496X was corrected to create about 90 μS of conductance. Controls lacking λN-DD, guide oligonucleotide C, or both showed only background conductance. For these experiments, 10 times more CFTR RNA was injected into oocytes than for those used to quantify correction at W496X by RT-PCR in Fig.  3B . Under the present conditions, RT-PCR showed that about 15% of W496X had been corrected. In a separate set of experiments, we compared corrected W496X oocytes with wild-type CFTR to assess relative expression. When injected with 0.6 fmol of RNA, "corrected" CFTR W496X oocytes expressed approximately half of the current levels of wild-type CFTR oocytes (Fig.  4E ). When injected with 2 times more RNA (1.18 fmol), experimental oocytes produced comparable currents to wild-type CFTR oocytes (0.6 fmol). From these results we show that the W496X premature stop codon can be corrected in a living cell by a genetically encoded λN-DD.
In the previous experiment, our system for site-directed RNA editing was not completely genetically encoded; the editase was encoded in RNA, and the guide RNA was transcribed in vitro before injecting into oocytes. To see if a fully genetically encoded version was functional, we turned to a human cell line (HEK-293T) and tested whether we could correct a version of EGFP that harbored a premature termination codon (W58X). This experiment required the transfection of three plasmids simultaneously: one encoding λN-DD and another encoding EGFP were driven by the CMV promoter. The third contained an EGFP guide RNA, very similar in design to the guide oligo C used in the CFTR experiments (the target adenosine was positioned 19 nt on the 3′ side of the boxB loop) and driven by a U6 Before Forskolin (1) After Forskolin (2) (RNA Polymerase III) promoter. This guide was able to direct 92 ± 1.2% editing (n = 3) at W58X in vitro as assessed by RT-PCR. As expected, wild-type EGFP-transfected HEK-293T cells gave a strong fluorescence signal, and EGFP W58X gave no detectable signal (Fig. 5A ). EGFP W58X controls that lacked either λN-DD or the guide also yielded no detectable signal. In contrast, when EGFP W58X was transfected with both λN-DD and the guide, a strong signal was evident in many cells. A quantification of the fluorescence from individual cells revealed that the relative intensity of experimental cells was about 12% that of wild-type EGFP (see legend for Fig. 5 ). Direct sequences of the entire EGFP W58X cDNA revealed that ∼20% of the premature termination codon had been corrected in experimental plates (Fig. 5B) . Moderate off-target editing was encountered at Y146S (9 ± 5.4%; n = 3) and K167R (38 ± 6.1%; n = 3). From these results we conclude that we can use genetically encoded λN-DD and guide RNA to restore function in a human cell.
Discussion
The correction of genetic mutations in mRNA is attractive for several reasons. First, compared with DNA, mRNA is accessible. Genomic DNA is sequestered in the nucleus and often tightly bound by histones. Mature mRNA, on the other hand, is in the cytoplasm. Furthermore, RNA cannot integrate into the genome and is relatively unstable, making off-target edits less of a concern than with approaches that target DNA. Another advantage for site-directed RNA editing is that it should not affect mRNA expression level. For many proteins, the precise level of expression is critical as both underexpression and overexpression can lead to disease. The MeCP2 protein is a good example where underexpression leads to Rett syndrome, and even mild overexpression can lead to autism spectrum disorders (31) . Finally, many potential tools are available for RNA manipulation because there are several enzymes that can modify RNA in a basespecific manner.
To date, there have been few reports of site-directed RNA editing. Most have sought to induce endogenously expressed enzymes to correct a specific mutation by introducing a guide RNA. For example, many cellular RNAs contain pseudouridine, a c-glycoside isomer of the nucleoside uridine created by pseudouridine synthase. In tRNAs, specific uridines are marked for pseudouridylation by an appropriate guide RNA. When pseudouridines are present within mRNAs, they can recode a codon (32) . For example, the pseudouridylated stop codons UAA and UAG are read as either serine or threonine, and UGA is read as tyrosine or phenylalanine. Targeting pseudouridylation to a premature termination codon in yeast induces read-through. A similar, albeit less specific, approach was used with endogenous ADARs. When presented with a perfect RNA duplex, ADARs will edit promiscuously. By introducing RNA oligonucleotides complementary to a premature termination codon, Woolf et al. induced endogenous ADAR to nonspecifically edit the region, including the premature termination codon, both in vitro and in Xenopus embryos (33) . A recent study has reported a more directed approach, similar to our own (34) . In it the authors coupled the catalytic domain of human ADAR1 to a guide RNA oligonucleotide using an in vitro reaction. Using this hybrid enzyme, a premature termination codon introduced into a fluorescent protein could be corrected in vitro, lending direct support to the idea that ADAR deaminase domains are fully functional on their own.
Looking forward, both the specificity and catalytic efficiency of our system for site-directed RNA editing can likely be improved by manipulating the guide or the enzyme. For this study, we were able to make a guide oligonucleotide that could direct specific editing at CFTR W496X and EGFP W58X. To extend the approach to other mutations, guide oligonucleotides must be designed empirically, with attention focused on their length, degree of complementarity, and the specific location of mismatches. Specificity may also be improved by modifying λN-DD, perhaps focusing on the length and rotational freedom of the linker between λN and the deaminase domain. In addition, it is well known that ADARs have specific preferences for the 5′ and 3′ bases that surround an editing site (35) . As the molecular underpinnings of these preferences become better understood, the catalytic domain of ADAR could be manipulated to better edit adenosines in different contexts. Finally, to improve the catalytic efficiency of our system, we predict that the kinetics of the interaction between the guide oligonucleotide and its target will be important.
To realize the full potential of site-directed editing in vivo, delivery will be an important consideration. In this report, we have shown that both the guide oligonucleotide and the enzyme can be genetically encoded in plasmids and delivered via a standard transfection; however, they could probably also be delivered efficiently by viruses. In addition, transgenic animals expressing λN-DD, a guide oligonucleotide, or both could be generated to create useful models for human disease. Furthermore, recessive diseases like cystic fibrosis are often caused by alleles that carry different mutations, one of which could be corrected by editing (24, 36) . At present this technique is limited to those mutations that can be corrected by recoding an A to an I; however, in principle the same approach could probably be extended to cytidine deaminases to convert C to U. Accordingly, site-directed nucleotide deamination offers the means to manipulate a wide variety of codons. 
Methods
Synthesis of Target RNAs, Guide RNAs, and Production of λN-DD. See SI Methods and Table S1 .
In Vitro Editing Assays. Before the editing assay, the antisense RNA oligonucleotide or guide RNA was annealed to the RNA target using a ramp from 65°C to 25°C, decreasing −1°C every 15 s. Editing assays were performed at 25°C for 2 h with 4boxB mRNA or at 35°C for 2 h with SqKv1.2 or CFTR mRNAs. For the data presented in Fig. 1, the Estimation of Editing Efficiency. After editing in vitro, cDNA was synthesized using the AccuScript High-Fidelity RT-PCR Kit (Agilent Technologies). After amplifying the cDNA by PCR, products were sent for direct sequencing. Quantification of editing percentages was performed by comparing the deoxycytidine/deoxythymidine peak heights in the antisense strand according to published protocols (37, 38) .
Injection of Xenopus Oocytes. On day 1, oocytes were injected with 368 fmol of λN-DD. After 3 d, they were reinjected with 1 pmol (electrophysiology) or 2.8 pmol (RNA or total protein extraction experiments) of guide RNA C and the following amounts of CFTR W496X RNA: 1.18 fmol for electrophysiology experiments, 0.118 fmol for RNA extraction, or 11.8 fmol for total protein extraction. Western Blots. Blots were performed using total protein as described above. Samples were run on a 4-20%(wt/vol) gradient gel and transferred onto PVDF membranes. Membranes were blocked with SuperBlock T20 (TBS) Blocking Buffer (Thermo Scientific) and probed with a primary antibody α-CFTR at 1:500 (clone M3A7; Millipore), followed by a HRP-linked goat antimouse secondary at 1:5,000. The M3A7 antibody recognizes human CFTR amino acids 1365-1395, which are close to the C terminus. All incubations were performed in blocking buffer. Membranes were washed with Tris buffered saline with Tween 20, developed with an enhanced chemiluminescent substrate (SuperSignal West Femto, Thermo Scientific), and imaged using a KODAK Image Station 4000R.
Electrophysiology. See SI Methods.
Expression of EGFPs in HEK-293T Cells and Analysis of Fluorescence. See SI Methods.
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Montiel-Gonzalez et al. 10 .1073/pnas.1306243110 SI Methods Sequences Used. Specific sequences used in this work were the following: The sequence of the λN peptide was MNARTRR-RERRAEKQAQWKAAN. The sequence used for the deaminase domain of hADAR2 comprised amino acids 299-701 of GenBank accession no. U82120. The sequence for 4boxB RNA target was UAAGCUCGCUUUCUUGCUGUCCAAUUUCUAUUAAA-GGUUCCUUUGUUCCCUAAGCUCGACCAAAGGUUCC-UUUGUGGCCCUGAAAAAGGGCCAAAUUGGUGGCU-GGUGUGGCUAAUGCCCUAUGGCCCUGAAAAAGGG-CCACUGGAGGAUAUUCAUGCACUCGACCAAAGGU-UCCUUUGUGGCCCUGAAAAAGGGCCAAAUUGGUGG-CUGGUGUGGCUAAUGCCCUAUGGCCCUGAAAAAGG-GCCACUGGAGGAUAUUCAUGCACUCGAGUACUAAA-CUGGGGGAUAUUAUGAAGGGCCUUGAGCAUCUGG-AUUCUGCCUAAU (boxB sequences are underlined).
The sequence used to synthesize the guide oligo SqKv1.2 for Figs. S1 and S2 was TAATACGACTCACTATAGGGAGACGATTAGT-TAGAGTTTTCCGTATTTTCAAGCTCTTGGCCCTGAAAA-AGGGCCCTAGACATTCTAAAGGATTACAAATACTCGG-CCAG (T7 tag in boldface type; boxB is underlined).
Expression of EGFP and EGFP W58X in HEK-293T Cells. HEK-293T cells were maintained in Dulbecco's Modified Eagle's Medium supplemented with 10%(vol/vol) FBS, 1% penicillin-streptomycin solution, and 1 mM sodium pyruvate. For each transfection, 6 × 105 cells were seeded in a 35-mm glass-bottom dish and the next day was exposed to plasmid DNA and Effectene Transfection Reagent (Qiagen) according to the supplied protocol. EGFP and EGFP W58X, both driven by the CMV promoter and cloned into the plasmid pJPA7 were kindly provided by J. Adelman (Vollum Institute, Portland, OR). DNA sequence encoding the EGFP W58X guide RNA was driven by an RNA polymerase III promoter in the U6 RNAi Entry Vector (Invitrogen). λN-DD was also driven by the CMV promoter in the vector pcDNA3.1(−). The following amounts of each plasmid were used for each transfection: EGFP or EGFP W58X (25 ng), λN-DD (100 ng), and EGFP W58X guide (2 μg). Cells were analyzed 36 h posttransfection.
Detection and Analysis of EGFP Fluorescence. Fluorescence imaging was performed using a Nikon Ti-E microscope with a Plan Apo lambda 40× or 5× N.A. 0.95 objective and a 100-W halogen lamp. Images were acquired using an iXonEM+ DU897 back-illuminated EMCCD camera (Andor) and NIS elements software. The camera was operated in the linear range during all of the imaging sessions. Sample temperature was controlled at 37°C. Cells were imaged in serum-free OptiMEM (Life Technologies) supplemented with 20 mM Hepes (pH 7.4). ImageJ Fiji software (http:// fiji.sc/Fiji) was used to analyze images. For positive control and experimental transfections, 200 fluorescent cells were selected at random, and the integrated fluorescence density was measured in a standard area. Background values from nonfluorescent cells were subtracted from each value.
Extraction of RNA. Cystic fibrosis transmembrane conductance regulator (CFTR) W496X mRNA samples were extracted from 10 Xenopus oocytes using the RNaqueous Kit (Ambion Life Technologies). This same kit was used for the extraction of RNA from HEK-293T cells. cDNA was synthesized using RT-primer 5 and amplified by PCR using primers 6 and 7 (Table S1 ). The final product was directly sequenced using primer 8.
Preparation of Total Proteins. For the extraction of total oocyte proteins, we followed a protocol kindly provided by M. Holmgren (National Institute of Neurological Disorders and Stroke, Bethesda, MD). Forty oocytes were washed 3× with 2 mL of ND96 and another 6× with 1 mL of ND96 and then lysed with 800 μL of ice-cold Triton X-100 lysis buffer (1% Triton X-100, 100 mM NaCl, 20 mM Tris·HCl, 10 μL/mL protease inhibitors mixture by Thermo Scientific). Samples were centrifuged at 13,000 × g for 2 min at 4°C. For Western Blots of total proteins, we removed 80 μL of the supernatant.
Electrophysiology. Oocytes were prepared as described (1) . CFTR expression was assessed in whole oocytes using a conventional two-microelectrode voltage clamp amplifier (GeneClamp 500B, Axon Instruments). Analog signals were filtered at 1 kHz and digitized using an Innovative Integrations SBC6711 A/D converter. GPATCH software, kindly provided F. Bezanilla (University of Chicago, Chicago), was used to control voltage. Records on a slow-time scale were collected using a MiniDigi 1A board and AxoScope 9.0 software (Axon Instruments). Oocytes were held at −40 mV and perfused with ND-96 solution. CFTR currents were activated by perfusing ND-96 with 40 μM forskolin. Current-voltage protocols consisted of stepping the membrane potential from -80 to +40 mV for 50 ms in 20-mV increments. Whole-oocyte CFTR slope conductance was estimated by subtracting current-voltage patterns before and after the addition of forskolin.
Synthesis of Target RNAs, Guide RNAs, and Production of λN-DD.
Target RNAs were synthesized using AmpliScribe T7 or the T3 High Yield Transcription Kit (Epicentre Biotechnologies). 4boxB plasmid was provided by the Carol Wilusz laboratory (Colorado State University, Fort Collins, CO). CFTR DNA was provided from David Gadsby (The Rockefeller University, New York). The Quikchange Lightning Site-directed Mutagenesis kit (Stratagene) was used for site-directed mutagenesis. The Guide RNA complementary to SqKv1.2 was synthesized from a SqKv1.2 construct that had a boxB hairpin inserted at position 1041. CFTR guide RNAs were synthesized with either the Mes-sageMuter shRNA Production Kit (Epicentre Biotechnologies) or by designing T7-tagged DNA oligonucleotides for in vitro transcription using the mScript mRNA Production System (Epicentre Biotechnologies).
To make recombinant λN-DD protein, the amino-terminus of the deaminase domain was fused to the carboxy-terminus of the λN peptide using a two-step PCR protocol. We first amplified λN with oligonucleotides 1 and 2 (Table S1) using a plasmid that contained the λN DNA sequence. The deaminase domain was amplified with oligonucleotides 3 and 4 from human ADAR2. These two products were then fused by mixing the PCR products and amplifying with oligonucleotides 1 and 4 (Table S1 ). All PCR reactions were performed using Phusion DNA Polymerase (New England Biolabs). 
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